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Abstract:

Protein-protein interactions are essential for cellular structure and function. To delineate how
the intricate assembly of protein interactions contribute to cellular processes in health and disease,
new methodologies that are both highly sensitive and can be applied at large scale are needed. Here,
we develop HiPLA (high-throughput imaging proximity ligation assay), a method that employs the
antibody-based proximity ligation assay in a high-throughput imaging screening format to
systematically probe protein interactomes. Using HiPLA, we probe the interaction of 60 proteins and
associated PTMs with the nuclear lamina in a model of the premature aging disorder Hutchinson-
Gilford progeria syndrome (HGPS). We identify a subset of proteins that differentially interact with
the nuclear lamina in HGPS. In combination with quantitative indirect immunofluorescence, we find
that the majority of differential interactions were accompanied by corresponding changes in
expression of the interacting protein. Taken together, HIPLA offers a novel approach to probe cellular
protein-protein interaction at a large scale and reveals mechanistic insights into the assembly of

protein complexes.
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1. Introduction

Elucidation of how proteins interact is central to understanding cellular function and structure.
As protein identification technology has advanced, so has the realization that a protein’s interactome
is highly complex and tightly regulated. Traditionally, biochemical approaches such as
immunoprecipitation followed by mass spectroscopy or yeast-two hybrid screens have facilitated
identification of protein interactors [1, 2]. However, these methods are commonly based on
interaction frequencies that occur outside of their native environment in the intact cell and they do not
always translate to be biologically relevant [3]. Recently, labeling methods such as biotin ligase-based
BiolD [4, 5], ascorbate peroxidase-based APEX [6], or reversible chemical crosslinkers [7] have been
employed to label interacting proteins in the cell, effectively capturing snapshots of native protein
complexes. To complement these approaches, increased utilization of super resolution imaging,
Forster resonance energy transfer (FRET), fluorescence correlation spectroscopy (FCS), protein
fragment complementation assays (PCA), and proximity ligation assays (PLA) has enabled systematic
probing and quantification of protein complex formation with nanometer spatial resolution in vivo [8].
Nevertheless, while fluorescent imaging is an ideal technique to probe protein-protein interactions in
their natural context, these methods are largely low-throughput and do not allow for the large-scale

interrogation of interactomes [8, 9].

A notable example for the importance of systematically delineating protein-protein
interactions is Hutchinson-Gilford progeria syndrome (HGPS) [10-13]. HGPS is a rare premature
aging disorder caused by activation of an alternative splice site in the LMNA gene which encodes the
two nuclear intermediate filament proteins lamin A and C. Aberrant splicing of LMNA mRNA results
in a 50 amino acid C-terminal deletion in the lamin A protein and the mutant proteins is referred to as
progerin [14-18]. Unlike wild type lamin A, progerin remains farnesylated and tethered to the inner
nuclear membrane. Progerin expression leads to the dysfunction of multiple tissues throughout the
body, most prominently cardiovascular failure which is ultimately fatal due to myocardial infarction
or stroke [19]. Proteomic comparisons demonstrate that progerin and lamin A have distinct
interactomes [20-22], suggesting differential protein complex formation is involved in pathogenesis.
Indeed, these interactions and others have been independently verified to be affected in HGPS using
combined biochemical and imaging approaches [10-13]. However, the progerin interactome,

particularly with lamin-associated partners, remains poorly characterized.

Given the current limitations in identifying and validating protein interactomes, we sought a
means to screen the effects of cellular perturbations on specific protein-protein interactions in a high-
throughput manner. Based on the ability of PLA to detect protein-protein interactions by means of
imaging, we developed a high-throughput version of PLA. The PLA method utilizes primary

antibodies to identify proteins of interest, similar to standard immunofluorescence (IF) labeling,
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however the secondary antibodies are tagged with short DNA strands instead of fluorophores [23]
(Figure 1). If the two DNA strands are within ~40 nm, they are ligated and rolling circle
amplification with fluorescently-conjugated nucleotides can be used to visualize interaction sites.
PLA has been successfully adapted for a range of applications including to probe the interaction of
proteins across cellular compartments, to map post-translational modifications (PTMs), to quantify
protein amounts in solution, and to screen compounds for their kinase inhibitory activity [24, 25].
Here, we describe the methodology for high-throughput imaging proximity ligation assays (HiPLA)
as a means to simultaneously test the effects of a cellular intervention on a large number of protein
interactions. As proof-of-concept, we assay a library of antibodies against nuclear proteins in an

inducible cellular model of HGPS to examine how progerin expression affects the lamin interactome.
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2. Methods
2.1. Cell culture

Generation and culture of immortalized fibroblasts with inducible expression of GFP-progerin
has been previously described [26]. Briefly, hTERT immortalized dermal fibroblasts were generated
after infection with lentivirus produced from both the doxycycline inducible pLentiCMVTRE3G-
Neo-GFP-progerin plasmid (derived from Addgene #w813-1) and the constitutively tetracycline
repressor A3 mutant expressing pLentiCMVrtTA3-Hygro plasmid (Addgene #26730). hTERT-
TetOn-GFP-progerin cells were maintained in modified minimum essential medium (MEM,
Thermofisher Scientific) containing 15% fetal bovine serum (FBS, Sigma Aldrich), 2 mM L-
glutamine (Thermofisher Scientific), 100 U/mL penicillin (Thermofisher Scientific), and 100 ug/mL
streptomycin (Thermofisher Scientific). To reach an optimal confluency of ~70%, approximately,
2,500 cells were seeded in each well of a clear bottom 384-well plate (PerkinElmer) in 50 pL of

culture media in the presence or absence of 1 pg/mL doxycycline for 48 h.
2.2. Proximity ligation assay (PLA) and immunofluorescence (IF) staining

After 48 h of culturing, cells were washed twice in PBS and fixed in 4% paraformaldehyde
(Electron Microscopy Sciences) for 10 min at room temperature. Cells were subsequently washed in
PBS and permeabilized in 0.3% Triton X100 (Sigma Aldrich) for 10 min at room. Cells were again
washed twice in PBS and either stored at 4 °C for staining at a later time or incubated with 2% BSA
(Sigma Aldrich) for 1 h at room temperature. To conserve reagents, the subsequent reactions were
performed in a total volume of 15 pL/well. Cells were incubated in primary antibody in 2% BSA. An
optimized concentration of monoclonal lamin A/C antibody (1:250; clone E1, Santa Cruz
Biotechnology) and the standard concentration to screen polyclonal antibodies (1:100) was
determined using a known interaction as a positive control to ensure a resolvable, sub-saturating
number of PLA foci would be obtained (see Results). All subsequent PLA reactions were performed
using lamin A/C clone E1 antibody at a dilution of 1:250. After incubation with primary antibody for
1 h at room temperature, cells were washed 3 times for 10 min in either PBS for IF staining or 0.01 M
Tris, 0.15 M NaCl, 0.05% Tween 20 (Buffer A) for PLA staining. For IF staining, cells were then
incubated in Alexa Fluor 488-labeled donkey anti-mouse IgG secondary antibody (1:400;
Thermofisher Scientific), Alexa Fluor 594-labeled donkey anti-rabbit IgG secondary antibody (1:400;
Thermofisher Scientific), and 2 pg/mL DAPI for 1 h at room temperature. Cells were washed an

additional 3 times with PBS prior to imaging.

In the case of PLA staining, cells were incubated in affinity purified donkey anti-mouse IgG
Duolink In Situ PLA Probe MINUS (1:5; Sigma Aldrich) and affinity purified donkey anti-rabbit IgG
Duolink In Situ PLA Probe PLUS (1:5; Sigma Aldrich) for 1 h at 37 °C. After incubation, cells were
washed 3 times for 10 min in Buffer A and incubated in 1 unit/uL. T4 DNA ligase in diluted ligase
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buffer (1:5; Sigma Aldrich) for 30 min at 37 °C. Subsequently, cells were washed again 3 times 10
min in Buffer A and incubated in 10 units/ulL DNA polymerase in diluted polymerase buffer with red
fluorescence detection labeled oligonucleotides (1:5; Sigma Aldrich) and 2 pg/mL DAPI for 90 min at
37 °C. A final round of washes was performed twice for 10 min in 0.2 M Tris and 0.1 M NaCl then

twice for 10 min in Buffer A.
2.3. High-throughput imaging and analysis

High-throughput confocal imaging was performed using a 63x water objective on a Yokagawa
CV7000 spinning disk microscope at the CCR High-throughput Imaging Facility (NIH, Bethesda,
MD, USA). For excitation, four laser lines were used (405, 488, 561, and 647 nm). Images were
acquired with 0.5 um Z-sections for at least 10 randomly chosen fields of view in an automated
manner. Typically, at least 1000 cells were analyzed per condition. Images were processed using
Columbus software (PerkinElmer). First, nuclei were identified and segmented using the DAPI
nuclear stain. Nuclear PLA foci were identified using the built-in spot analysis script using DAPI-
created masks and factoring in relative focus intensity as well as a splitting coefficient for accurate
focus discrimination. An average of >2 PLLA foci per nucleus was used as a cut-off for antibodies that
showed no reaction based on a negative antibody control of lamin A/C clone E1 alone. For IF, the
average mean fluorescence from the 561 nm channel present in the DAPI mask was used to determine
relative levels and changes in protein expression. Average fluorescence obtained from the 488 nm

excitation channel was used to filter progerin positive and negative cells.
2.4. Statistical analysis

After normalizing the average number of PLA foci per nucleus in progerin-expressing cells to
wild type cells, a calculated Z-score of > 2 or < -2 was used to identify interactions sensitive to
progerin expression. A calculated Z-score of > 2 or < -2 was similarly used to identify changes in
average nuclear mean fluorescence. The replication protein RPA32, which did not interact with lamin
A/C by PLA and is largely not associated with the nuclear lamina [27], was used as a control for
changes in nuclear fluorescence intensity. Changes between antibody optimization conditions were

analyzed using a one-way ANOVA.
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3. Results
3.1. HiPLA methodology and calibration

Since its original inception to detail the levels of platelet-derived growth factor in solution
[28], the PLA has been optimized for in situ detection of the interaction between two proteins of
interest using antibodies of different originating species [8, 25]. This approach has been successfully
utilized to probe a variety of cellular interactions including those of the lamin proteins with the
polycomb complex [29], DNA damage foci [30], the E3 ubiquitin ligase Smurf2 [31, 32], and the
protein phosphatase 2A protein CIP2A [33], as well lamin interactions with other nuclear membrane-
associated proteins [34, 35]. Given the demonstrated utility of PLA in probing lamin function and the
drastic changes observed in the organization of the nuclear lamina in the presence of the disease-
causing progerin protein, we sought to develop the PLA in a high-throughput format, referred to as
HiPLA, and applied it as proof-of-principle to comprehensively probe the lamin interactome in a

model of HGPS.

HiPLA was routinely carried out in a 384-well format using a CV7000 spinning-disk confocal
microscope combined with an automated image analysis pipeline for foci detection and IF
quantification using PerkinElmer Columbus software (Figure 1; see Methods) [36]. At least 1000
cells were analyzed per sample. To initially optimize the assay, we tested 3 monoclonal antibodies
against lamin A/C/progerin together with an antibody against the known lamin A-interacting protein
lamin B1 as a positive control [37]. While all of the antibodies resulted in PLA foci, the lamin A/C
clone E1 antibody showed the highest signal with an average of 79 + 4.6 PLA foci per nucleus
compared to 59 + 3.6 and 58 & 2.3 for the other two antibodies. Anti-lamin A/C clone E1 was
therefore chosen for further optimization (Figure 2A). Negative control reactions performed in the
absence of antibodies against lamin A/C or lamin B1 resulted in an average of less than 1 PLA focus
per nucleus. Using serial dilutions of the lamin A/C and lamin B1 antibodies, an optimal antibody
concentration was determined to maximize the number of PLA foci per nucleus. At a fixed dilution of
1:250 for anti-lamin B1, a dilution of 1:250 for anti-lamin A/C approached the maximum of 65 + 8.3
PLA foci per nucleus (Figure 2B) (P < 0.0001 compared to the negative antibody control). Similarly,
titration of the lamin B1 antibody against a fixed dilution of 1:250 for anti-lamin A/C showed a
maximum of 60 + 4.1 PLA foci per nucleus at a dilution of 1:100 (P < 0.0001 compared to the
negative antibody control). A dose-dependent increase and saturation in PLA foci number upon
antibody titration suggested that the assay was specific and the detected signals represented bona-fide
protein interactions. Furthermore, we found no appreciable effect on PLA foci number as a function
of reaction volume above 15 pL/well in 384-well plates (Figure 2C). Based on these optimization

results, we performed our standard high-throughput assays using lamin A/C antibody clone E1 at a
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dilution of 1:250 and specific antibodies against potential interactors at a dilution of 1:100 in a

reaction volume of 15 pL.

3.2. HiPLA of lamin A/C interactors in a HGPS model

We applied HiPLA to probe the lamin A interactome. Using the monoclonal lamin A/C clone
E1 antibody, we screened the interactions of lamin A/C against a library of 133 polyclonal antibodies
with a preference for nuclear proteins (Supplementary Table 1). 65 antibodies recognizing 45
distinct proteins and 15 specific post-translational modifications (PTMs) showed PLA signals above
background levels (~49% of antibodies tested). In 7 cases where two antibodies against a protein or
specific PTM were available, 5 proteins showed an interaction with both antibodies. However,
because the absolute value of the PLA signal is highly dependent on the affinity and specificity of the
antibody used, a lack of PLA signal does not exclude the possibility that an interaction does occur [23,

35].

Although the varying antibody quality precludes direct comparison of PLA signals between
interactors, the relative PLA foci number using the same antibodies under different cellular conditions
can be used to probe changes in interaction frequency of a given interaction pair. We therefore
performed HiPLA in an immortalized skin fibroblast cell line expressing doxycycline inducible GFP-
progerin [26] using the panel of 65 antibodies that had a positive PLA signal with lamin A/C
(Supplementary Table 1). The change in interaction frequency for each antibody was assessed by
plotting the ratio of the average number of PLA foci per nucleus in GFP-progerin expressing cells
relative to wild type cells. Of the 60 lamin A/C interactors, 28 proteins and PTMs exhibited no change
in PLA foci upon GFP-progerin expression and 32 proteins and PTMs showed a decrease by at least 2
standard deviations in the fold change of PLA foci per nucleus (Figure 3). Although only 1 of the two
tested antibodies against H4K Sac showed a decrease in the fold change in PLA foci below 2 standard
deviations, this interaction was still considered to be affected by progerin expression. Interestingly,
none of the tested antibodies showed an increase in the fold change of PLA foci per nucleus by at
least 2 standard deviations upon progerin expression. However, HES1, NCOR2, and XRCC4 did
exhibit an increase in the number of PLA foci per nucleus albeit below the 2 standard deviation
threshold routinely applied in our analysis. We conclude that HiPLA is able to successfully
differentiate lamin A/C interactors and to effectively assay the effects on interaction frequency in

response to progerin expression.

3.3. Combinatorial HiPLA and IF analysis in a HGPS model
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While HiPLA was able to quantify the relative changes in the lamin A/C interactome, the
assay does not provide information regarding the mechanism by which these interactions are affected.
Detected interaction changes may either be due to direct (dis)association of the protein complex or
due to changes in the level of the interacting protein which may indirectly affect complex formation.
We therefore combined HiPLA with relative protein expression data obtained from quantitative high-
throughput IF imaging (see Methods). High-throughput IF imaging was performed in the same
manner as HiIPLA with the exception that fluorophore-conjugated secondary antibodies were used for
detection. Wild type and GFP-progerin expressing cells were imaged in 4 biological replicates and the
fold change in nuclear mean IF intensity per antibody was determined. Of the 60 lamin A/C
interactors, 29 proteins and PTMs were downregulated by at least 2 standard deviations and only

SUN2 levels were upregulated by more than 2 standard deviations (Figure 4A).

We finally asked whether the decreased interactions identified by HiPLA were correlated with
changes in protein expression or whether the changes in protein complex formation occurred
independent of interactor expression level. Of the 65 antibodies that interacted with anti-lamin A/C,
we found 22 antibodies against 21 proteins that showed no change in either interaction frequency or
expression (Figures 3, 4A). 26 antibodies against 23 proteins and PTMs exhibited both a decrease in
the fold change in the average number of PLA foci per nucleus and in the average mean fluorescence
intensity upon progerin expression (Figure 4B). Thus, corresponding changes in interaction frequency
and expression were observed in 48 of 65 antibodies (73%). A change in protein expression without a
corresponding change in interaction frequency was observed for 20S, BRD7, G9A, JunD, RPAB46,
SUN2, ZNF439, as well as for one of the H4K5ac antibodies (Figure 4B). Alternatively, a decrease in
interaction frequency without a corresponding decrease in expression was observed for CBF1, H1.0,
H3, LHX9, NCOA62/SKIP, PARP1, Rad52, SIRT1, and SIRT6 (Figure 4B), suggesting that these
interactors may be affected by progerin via direct inhibition of complex formation. Together, HIPLA
with high-throughput IF imaging systematically identified changes in protein interactions and

correlated these changes to potential mechanisms of disease.
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4. Discussion

We have developed HiPLA, a high-throughput version of the well-established proximity
ligation assay for the detection of protein-protein interactions in vivo. Using HiPLA, we have
identified a number of lamin A/C interactors and investigated how these interactions are modified in a
cellular model of the premature aging disorder HGPS. In combination with high-throughput IF
staining, we demonstrated that the majority of the observed changes in lamin interactions are
paralleled by changes in the expression of the interaction partners. This exploratory screen showcases
the benefit of multiplexing IF and PLA immunoassays in a high-throughput pipeline to discern the

localization and frequency of protein complex formation.

We have identified 65 antibodies against 60 proteins and PTMs that react with lamin A/C by
HiPLA. Many of these proteins have previously been described as lamin A/C interactors by mass
spectrometry analysis [5, 20, 21, 38], demonstrating the specificity of our assay (Supplementary
Table 1). Intriguingly, we identified several lamin A/C interactors including transcription factors
JunD, HES1, LHX9, and MAD3 as well as the DNA damage response components ATM, NBS1,
RADS2, and XRCC4, which to our knowledge have not been previously explored as lamin A/C
interactors. Of the 65 antibodies that resulted in a PLA signal with lamin A/C, 35 antibodies against
32 proteins and PTMs exhibited a decrease in interaction frequency upon progerin expression. This
finding is in line with the large scale changes in gene expression identified in models of HGPS [39-
44] well as differences in the lamin A/C interactome previously reported by mass spectrometry
analyses [21, 22, 38].

In combination with high-throughput IF, we noted a strong correlation between PLA signals
and expression level of lamin A/C interactors, suggesting that the reduced interactions in progerin-
expressing cells may be a consequence of limited protein availability. However, CBF1, H1.0, H3,
LHX9, NCOA62/SKIP, PARP1, Rad52, SIRTI, and SIRT6 exhibited reduced interactions with the
lamina without reductions in protein level. While the association of lamin A/C with LHX9 or Rad52
has not previously been investigated, lamin A has been shown to both directly and indirectly interact
with histones, and this interaction may be impaired in HGPS [12, 45-48]. Additionally, a previous
study reported that lamin A, but not progerin, is able to bind to and activate SIRT1 [49]. Lamin A is
also necessary for SIRT6-mediated activation of PARP1 ribosylation upon DNA damage [50]. Unlike
SIRTT1, both recombinant or transiently over-expressed lamin A and progerin were found to bind
SIRT6 by co-immunopercipitation, however, only lamin A was able to stimulate SIRT6 deacetylase
activity [50]. Although further studies are needed to reconcile this finding with our observation that
the association between SIRT6, PAPR1, and the lamina is decreased upon progerin expression, the
impaired ability of inactive SIRT6 to bind chromatin [50, 51] may also destabilize its interaction with

the nuclear periphery. Furthermore, as observed here, progerin expression has been reported to
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contribute to the activation of Notch target genes by loss of localization of the transcriptional co-
activator NCOA62/SKIP at the nuclear periphery [40]. While we did not observe a change in
NCOAG62/SKIP or NCOR?2 expression as previously reported [40], we did find that the interaction
between CBF1, which associates with NCOA62/SKIP [52], and the lamina was impaired, suggesting
progerin-expression may also cause other Notch signaling factors to differentially interact with the

nuclear periphery.

Our results demonstrate that HiPLA is a versatile method to identify the effects of cellular
interventions on protein complex formation. While PLA has been found to be less sensitive than
FRET based protein-protein interaction detection [53], our ability to confirm reported changes in
protein complex formation with progerin expression such as H3K27me3 [45], lamin B1 [54], LAP2
[22], and SIRT1 [49] suggest that PLA is well-suited for detection of robust changes in interaction
frequency. In addition, PLA is well suited for scaling up to a high-throughput format to analyze tens
and hundreds of potential interactions, which has been challenging for other fluorescence-based
methods. Although PLA also offers information about the localization of interactions, we found that
fluorescent PLA foci were too large to accurately discriminate interactions at the nuclear periphery
from the nucleoplasm and this was further complicated by the nuclear invaginations induced by
progerin expression (data not shown). Optimization of the method using shorter amplification times,
cells with larger nuclei, co-staining with markers of nuclear compartments, and thinner imaging
sections may afford better resolution in the Z-plane to accurately localize interactions within the
nucleus. Nevertheless, HIPLA does seem ideally suited to assay interactions between proteins that

form complexes in different parts of the cell.

HiPLA also has the potential to be combined with other fluorescent assays to expand its
utility. Because the PLA detection of an interaction between two proteins only uses one imaging
channel, IF for the interacting proteins can be imaged simultaneously in the same well if a monoclonal
antibody with a non-overlapping epitope or polyclonal antibodies are employed. IF imaging can be
used to correlate interaction data with expression levels, as done here, as well as to relate the site of
interaction to cellular landmarks using localization markers or to the distribution of other protein
complex markers. Furthermore, if complemented with siRNA knockdown, CRISPR knockout, or drug
screening libraries, this methodology has the potential for large-scale screening for mediators of
protein-protein interactions. Taken together, HiPLA is a high-content imaging method that can be
customized to comprehensively probe how cellular interventions influence the protein interactome

and will be useful in the discovery of regulators of protein-protein interactions.


https://doi.org/10.1101/371062

bioRxiv preprint doi: https://doi.org/10.1101/371062; this version posted July 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

5. Acknowledgments

This research was supported by the Intramural Research Program of the National Institutes of
Health, National Cancer Institute, and Center for Cancer Research. High-throughput imaging work
was performed at the High-Throughput Imaging Facility (HiTIF)/Center for Cancer
Research/National Cancer Institute/NIH.


https://doi.org/10.1101/371062

bioRxiv preprint doi: https://doi.org/10.1101/371062; this version posted July 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

[1] E.L. Huttlin, L. Ting, R.J. Bruckner, F. Gebreab, M.P. Gygi, J. Szpyt, S. Tam, G. Zarraga, G.
Colby, K. Baltier, R. Dong, V. Guarani, L.P. Vaites, A. Ordureau, R. Rad, B.K. Erickson, M. Wubhr, J.
Chick, B. Zhai, D. Kolippakkam, J. Mintseris, R.A. Obar, T. Harris, S. Artavanis-Tsakonas, M.E.
Sowa, P. De Camilli, J.A. Paulo, J.W. Harper, S.P. Gygi, The BioPlex Network: A Systematic
Exploration of the Human Interactome, Cell 162(2) (2015) 425-440.

[2] T. Rolland, M. Tasan, B. Charloteaux, S.J. Pevzner, Q. Zhong, N. Sahni, S. Yi, I. Lemmens, C.
Fontanillo, R. Mosca, A. Kamburov, S.D. Ghiassian, X. Yang, L. Ghamsari, D. Balcha, B.E. Begg, P.
Braun, M. Brehme, M.P. Broly, A.R. Carvunis, D. Convery-Zupan, R. Corominas, J. Coulombe-
Huntington, E. Dann, M. Dreze, A. Dricot, C. Fan, E. Franzosa, F. Gebreab, B.J. Gutierrez, M.F.
Hardy, M. Jin, S. Kang, R. Kiros, G.N. Lin, K. Luck, A. MacWilliams, J. Menche, R.R. Murray, A.
Palagi, M.M. Poulin, X. Rambout, J. Rasla, P. Reichert, V. Romero, E. Ruyssinck, J.M. Sahalie, A.
Scholz, A.A. Shah, A. Sharma, Y. Shen, K. Spirohn, S. Tam, A.O. Tejeda, S.A. Trigg, J.C. Twizere,
K. Vega, J. Walsh, M.E. Cusick, Y. Xia, A.L. Barabasi, L.M. Takoucheva, P. Aloy, J. De Las Rivas, J.
Tavernier, M.A. Calderwood, D.E. Hill, T. Hao, F.P. Roth, M. Vidal, A proteome-scale map of the
human interactome network, Cell 159(5) (2014) 1212-1226.

[3] T. Berggard, S. Linse, P. James, Methods for the detection and analysis of protein-protein
interactions, Proteomics 7(16) (2007) 2833-42.

[4] D.I. Kim, S.C. Jensen, K.A. Noble, B. K¢, K.H. Roux, K. Motamedchaboki, K.J. Roux, An
improved smaller biotin ligase for BiolD proximity labeling, Molecular biology of the cell 27(8)
(2016) 1188-96.

[5] K.J. Roux, D.I. Kim, B. Burke, BioID: a screen for protein-protein interactions, Current protocols
in protein science 74 (2013) Unit 19 23.

[6] J.D. Martell, T.J. Deerinck, Y. Sancak, T.L. Poulos, V.K. Mootha, G.E. Sosinsky, M.H. Ellisman,
A.Y. Ting, Engineered ascorbate peroxidase as a genetically encoded reporter for electron
microscopy, Nature biotechnology 30(11) (2012) 1143-8.

[7] A. Sinz, The advancement of chemical cross-linking and mass spectrometry for structural
proteomics: from single proteins to protein interaction networks, Expert review of proteomics 11(6)
(2014) 733-43.

[8] P. Lonn, U. Landegren, Close Encounters - Probing Proximal Proteins in Live or Fixed Cells,
Trends in biochemical sciences 42(7) (2017) 504-515.

[9] S.J. Sahl, S.W. Hell, S. Jakobs, Fluorescence nanoscopy in cell biology, Nature reviews.
Molecular cell biology 18(11) (2017) 685-701.

[10] L. Serebryannyy, T. Misteli, Protein sequestration at the nuclear periphery as a potential
regulatory mechanism in premature aging, The Journal of cell biology 217(1) (2018) 21-37.

[11] N. Kubben, T. Misteli, Shared molecular and cellular mechanisms of premature ageing and
ageing-associated diseases, Nature reviews. Molecular cell biology 18(10) (2017) 595-609.

[12] S. Vidak, R. Foisner, Molecular insights into the premature aging disease progeria,
Histochemistry and cell biology 145(4) (2016) 401-17.


https://doi.org/10.1101/371062

bioRxiv preprint doi: https://doi.org/10.1101/371062; this version posted July 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[13] B. Burke, C.L. Stewart, The nuclear lamins: flexibility in function, Nature reviews. Molecular
cell biology 14(1) (2013) 13-24.

[14] P. Scaffidi, T. Misteli, Reversal of the cellular phenotype in the premature aging disease
Hutchinson-Gilford progeria syndrome, Nature medicine 11(4) (2005) 440-5.

[15] B.C. Capell, M.R. Erdos, J.P. Madigan, J.J. Fiordalisi, R. Varga, K.N. Conneely, L.B. Gordon,
C.J. Der, A.D. Cox, F.S. Collins, Inhibiting farnesylation of progerin prevents the characteristic
nuclear blebbing of Hutchinson-Gilford progeria syndrome, Proceedings of the National Academy of
Sciences of the United States of America 102(36) (2005) 12879-84.

[16] R.D. Goldman, D.K. Shumaker, M.R. Erdos, M. Eriksson, A.E. Goldman, L.B. Gordon, Y.
Gruenbaum, S. Khuon, M. Mendez, R. Varga, F.S. Collins, Accumulation of mutant lamin A causes
progressive changes in nuclear architecture in Hutchinson-Gilford progeria syndrome, Proceedings of
the National Academy of Sciences of the United States of America 101(24) (2004) 8963-8.

[17] M. Eriksson, W.T. Brown, L.B. Gordon, M.W. Glynn, J. Singer, L. Scott, M.R. Erdos, C.M.
Robbins, T.Y. Moses, P. Berglund, A. Dutra, E. Pak, S. Durkin, A.B. Csoka, M. Boehnke, T.W.
Glover, F.S. Collins, Recurrent de novo point mutations in lamin A cause Hutchinson-Gilford
progeria syndrome, Nature 423(6937) (2003) 293-8.

[18] A. De Sandre-Giovannoli, R. Bernard, P. Cau, C. Navarro, J. Amiel, I. Boccaccio, S. Lyonnet,
C.L. Stewart, A. Munnich, M. Le Merrer, N. Levy, Lamin a truncation in Hutchinson-Gilford
progeria, Science 300(5628) (2003) 2055.

[19] H.J. Worman, Nuclear lamins and laminopathies, The Journal of pathology 226(2) (2012) 316-
25.

[20] T.A. Dittmer, N. Sahni, N. Kubben, D.E. Hill, M. Vidal, R.C. Burgess, V. Roukos, T. Misteli,
Systematic identification of pathological lamin A interactors, Molecular biology of the cell 25(9)
(2014) 1493-510.

[21] N. Kubben, J.W. Voncken, J. Demmers, C. Calis, G. van Almen, Y. Pinto, T. Misteli,
Identification of differential protein interactors of lamin A and progerin, Nucleus 1(6) (2010) 513-25.

[22] A. Chojnowski, P.F. Ong, E.S. Wong, J.S. Lim, R.A. Mutalif, R. Navasankari, B. Dutta, H.
Yang, Y.Y. Liow, S.K. Sze, T. Boudier, G.D. Wright, A. Colman, B. Burke, C.L. Stewart, O.
Dreesen, Progerin reduces LAP2alpha-telomere association in Hutchinson-Gilford progeria, eLife 4
(2015).

[23] O. Soderberg, K.J. Leuchowius, M. Gullberg, M. Jarvius, I. Weibrecht, L.G. Larsson, U.
Landegren, Characterizing proteins and their interactions in cells and tissues using the in situ
proximity ligation assay, Methods 45(3) (2008) 227-32.

[24] K.J. Leuchowius, M. Jarvius, M. Wickstrom, L. Rickardson, U. Landegren, R. Larsson, O.
Soderberg, M. Fryknas, J. Jarvius, High content screening for inhibitors of protein interactions and

post-translational modifications in primary cells by proximity ligation, Molecular & cellular
proteomics : MCP 9(1) (2010) 178-83.

[25] C. Greenwood, D. Ruff, S. Kirvell, G. Johnson, H.S. Dhillon, S.A. Bustin, Proximity assays for
sensitive quantification of proteins, Biomolecular detection and quantification 4 (2015) 10-6.

[26] N. Kubben, K.R. Brimacombe, M. Donegan, Z. Li, T. Misteli, A high-content imaging-based
screening pipeline for the systematic identification of anti-progeroid compounds, Methods 96 (2016)
46-58.


https://doi.org/10.1101/371062

bioRxiv preprint doi: https://doi.org/10.1101/371062; this version posted July 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[27] A. Kumar, M. Mazzanti, M. Mistrik, M. Kosar, G.V. Beznoussenko, A.A. Mironov, M. Garre, D.
Parazzoli, G.V. Shivashankar, G. Scita, J. Bartek, M. Foiani, ATR mediates a checkpoint at the
nuclear envelope in response to mechanical stress, Cell 158(3) (2014) 633-46.

[28] S. Fredriksson, M. Gullberg, J. Jarvius, C. Olsson, K. Pietras, S.M. Gustafsdottir, A. Ostman, U.
Landegren, Protein detection using proximity-dependent DNA ligation assays, Nature biotechnology
20(5) (2002) 473-7.

[29] E. Cesarini, C. Mozzetta, F. Marullo, F. Gregoretti, A. Gargiulo, M. Columbaro, A. Cortesi, L.
Antonelli, S. Di Pelino, S. Squarzoni, D. Palacios, A. Zippo, B. Bodega, G. Oliva, C. Lanzuolo,
Lamin A/C sustains PcG protein architecture, maintaining transcriptional repression at target genes,
The Journal of cell biology 211(3) (2015) 533-51.

[30] R. Mahen, H. Hattori, M. Lee, P. Sharma, A.D. Jeyasekharan, A.R. Venkitaraman, A-type lamins
maintain the positional stability of DNA damage repair foci in mammalian nuclei, PloS one 8(5)
(2013) e61893.

[31] A.P. Borroni, A. Emanuelli, P.A. Shah, N. Ilic, L. Apel-Sarid, B. Paolini, D. Manikoth Ayyathan,
P. Koganti, G. Levy-Cohen, M. Blank, Smurf2 regulates stability and the autophagic-lysosomal
turnover of lamin A and its disease-associated form progerin, Aging cell 17(2) (2018).

[32] T. Shimi, K. Pfleghaar, S. Kojima, C.G. Pack, I. Solovei, A.E. Goldman, S.A. Adam, D.K.
Shumaker, M. Kinjo, T. Cremer, R.D. Goldman, The A- and B-type nuclear lamin networks:
microdomains involved in chromatin organization and transcription, Genes & development 22(24)
(2008) 3409-21.

[33] K. Myant, X. Qiao, T. Halonen, C. Come, A. Laine, M. Janghorban, J.I. Partanen, J. Cassidy,
E.L. Ogg, P. Cammareri, T. Laitera, J. Okkeri, J. Klefstrom, R.C. Sears, O.J. Sansom, J.
Westermarck, Serine 62-Phosphorylated MYC Associates with Nuclear Lamins and Its Regulation by
CIP2A Is Essential for Regenerative Proliferation, Cell reports 12(6) (2015) 1019-31.

[34] D. Hayashi, K. Tanabe, H. Katsube, Y.H. Inoue, B-type nuclear lamin and the nuclear pore
complex Nup107-160 influences maintenance of the spindle envelope required for cytokinesis in
Drosophila male meiosis, Biology open 5(8) (2016) 1011-21.

[35] A. Barateau, B. Buendia, In Situ Detection of Interactions Between Nuclear Envelope Proteins
and Partners, Methods in molecular biology 1411 (2016) 147-58.

[36] M. Adams, V.J. Cookson, J. Higgins, H.L. Martin, D.C. Tomlinson, J. Bond, E.E. Morrison,
S.M. Bell, A high-throughput assay to identify modifiers of premature chromosome condensation,
Journal of biomolecular screening 19(1) (2014) 176-83.

[37] E. Delbarre, M. Tramier, M. Coppey-Moisan, C. Gaillard, J.C. Courvalin, B. Buendia, The
truncated prelamin A in Hutchinson-Gilford progeria syndrome alters segregation of A-type and B-
type lamin homopolymers, Human molecular genetics 15(7) (2006) 1113-22.

[38] W. Xie, A. Chojnowski, T. Boudier, J.S. Lim, S. Ahmed, Z. Ser, C. Stewart, B. Burke, A-type
Lamins Form Distinct Filamentous Networks with Differential Nuclear Pore Complex Associations,
Current biology : CB 26(19) (2016) 2651-2658.

[39] N. Kubben, M. Adriaens, W. Meuleman, J.W. Voncken, B. van Steensel, T. Misteli, Mapping of
lamin A- and progerin-interacting genome regions, Chromosoma 121(5) (2012) 447-64.

[40] P. Scaffidi, T. Misteli, Lamin A-dependent misregulation of adult stem cells associated with
accelerated ageing, Nature cell biology 10(4) (2008) 452-9.


https://doi.org/10.1101/371062

bioRxiv preprint doi: https://doi.org/10.1101/371062; this version posted July 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[41]J. Marji, S.I. O'Donoghue, D. McClintock, V.P. Satagopam, R. Schneider, D. Ratner, H.J.
Worman, L.B. Gordon, K. Djabali, Defective lamin A-Rb signaling in Hutchinson-Gilford Progeria
Syndrome and reversal by farnesyltransferase inhibition, PloS one 5(6) (2010) e11132.

[42] A.B. Csoka, H. Cao, P.J. Sammak, D. Constantinescu, G.P. Schatten, R.A. Hegele, Novel lamin
A/C gene (LMNA) mutations in atypical progeroid syndromes, Journal of medical genetics 41(4)
(2004) 304-8.

[43] D.H. Ly, D.J. Lockhart, R.A. Lerner, P.G. Schultz, Mitotic misregulation and human aging,
Science 287(5462) (2000) 2486-92.

[44] K. Wang, A. Das, Z.M. Xiong, K. Cao, S. Hannenhalli, Phenotype-Dependent Coexpression
Gene Clusters: Application to Normal and Premature Ageing, [IEEE/ACM transactions on
computational biology and bioinformatics 12(1) (2015) 30-9.

[45] F. Bruston, E. Delbarre, C. Ostlund, H.J. Worman, B. Buendia, I. Duband-Goulet, Loss of a
DNA binding site within the tail of prelamin A contributes to altered heterochromatin anchorage by
progerin, FEBS letters 584(14) (2010) 2999-3004.

[46] M. Goldberg, A. Harel, M. Brandeis, T. Rechsteiner, T.J. Richmond, A.M. Weiss, Y.
Gruenbaum, The tail domain of lamin Dm0 binds histones H2A and H2B, Proceedings of the National
Academy of Sciences of the United States of America 96(6) (1999) 2852-7.

[47] H. Taniura, C. Glass, L. Gerace, A chromatin binding site in the tail domain of nuclear lamins
that interacts with core histones, The Journal of cell biology 131(1) (1995) 33-44.

[48] E. Bartova, J. Krejci, A. Harnicarova, G. Galiova, S. Kozubek, Histone modifications and
nuclear architecture: a review, The journal of histochemistry and cytochemistry : official journal of
the Histochemistry Society 56(8) (2008) 711-21.

[49] B. Liu, S. Ghosh, X. Yang, H. Zheng, X. Liu, Z. Wang, G. Jin, B. Zheng, B.K. Kennedy, Y. Suh,
M. Kaeberlein, K. Tryggvason, Z. Zhou, Resveratrol rescues SIRT1-dependent adult stem cell decline
and alleviates progeroid features in laminopathy-based progeria, Cell metabolism 16(6) (2012) 738-
50.

[50] S. Ghosh, B. Liu, Y. Wang, Q. Hao, Z. Zhou, Lamin A Is an Endogenous SIRT6 Activator and
Promotes SIRT6-Mediated DNA Repair, Cell reports 13(7) (2015) 1396-406.

[51] R.I. Tennen, E. Berber, K.F. Chua, Functional dissection of SIRT6: identification of domains that
regulate histone deacetylase activity and chromatin localization, Mechanisms of ageing and
development 131(3) (2010) 185-92.

[52] S. Zhou, M. Fujimuro, J.J. Hsieh, L. Chen, A. Miyamoto, G. Weinmaster, S.D. Hayward, SKIP, a
CBF1-associated protein, interacts with the ankyrin repeat domain of NotchIC To facilitate NotchIC
function, Molecular and cellular biology 20(7) (2000) 2400-10.

[53] M.M. Mocanu, T. Varadi, J. Szollosi, P. Nagy, Comparative analysis of fluorescence resonance
energy transfer (FRET) and proximity ligation assay (PLA), Proteomics 11(10) (2011) 2063-70.

[54] S.J. Lee, Y.S. Jung, M.H. Yoon, S.M. Kang, A.Y. Oh, J.H. Lee, S.Y. Jun, T.G. Woo, H.Y. Chun,
S.K. Kim, K.J. Chung, H.Y. Lee, K. Lee, G. Jin, M.K. Na, N.C. Ha, C. Barcena, J.M. Freije, C.
Lopez-Otin, G.Y. Song, B.J. Park, Interruption of progerin-lamin A/C binding ameliorates
Hutchinson-Gilford progeria syndrome phenotype, The Journal of clinical investigation 126(10)
(2016) 3879-3893.


https://doi.org/10.1101/371062

bioRxiv preprint doi: https://doi.org/10.1101/371062; this version posted July 17, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure Legends:
Figure 1: Outline of HIiPLA

As a method to systematically interrogate changes to the protein interactome in response to a cellular
intervention in vivo, the PLA was adapted for high-throughput imaging. PLA utilizes indirect
antibody labeling to identify proteins of interest and secondary antibodies labeled with short DNA
strands that are ligated when located within ~40 nm of each other. After ligation, rolling circle
amplification with fluorescent oligonucleotides amplifies sites of antibody co-localization above the
detection limit. As proof of concept, HiPLA is performed in 384-well plates on an immortalized
fibroblast cell line with inducible expression of GFP-progerin to assay how the nuclear lamina
interactome is affected in a model of HGPS. After a 48 h incubation in the presence or absence of
doxycycline, cells are fixed, permeabilized, and blocked in 2% BSA. Using a library of antibodies
against nuclear proteins, cells are either stained following the PLA protocol to identify interactions
between a protein of interest with lamin A/C (left) or a conventional indirect IF protocol to label the
protein of interest as well as lamin A/C (right). Following immunolabeling, cells are imaged in a high-
throughput and automated manner. A representative example using lamin A/C and lamin B1
antibodies is shown. Under PLA-labeled conditions, image analysis is carried out to differentiate and
to quantify fluorescent PLA foci in GFP-positive and -negative cells after creating a nuclear mask
based on the DAPI image. For IF analysis, average nuclear mean fluorescence of the protein of
interest as marked by the DAPI channel is quantified in GFP positive and negative cells. The relative
changes in interaction frequency and interactor expression levels are then analyzed for changes in

protein interaction frequency, interaction localization, and expression levels.
Figure 2: HiPLA optimization for lamin A/C interactors

(A) Antibody selection for HIPLA. HiPLA was carried out using a panel of antibodies to lamin A/C
(1:100) in combination with an antibody to lamin B1 (1:100). While all three lamin A/C antibodies
resulted in PLA foci as expected, the clone E1 antibody gave the largest average number of PLA foci
per nucleus and was chosen for subsequent assays. (B) Antibody concentration optimization for
HiPLA. PLA was performed using serial dilutions to determine the optimal antibody concentration of
lamin A/C as well as an optimal working concentration for the panel of antibodies to potential lamina-
interacting proteins. Dilutions were performed using a fixed concentration of anti-lamin B1 (1:250)
and varying concentrations of anti-lamin A/C (red) or varying concentrations of anti-lamin B1 with a
fixed concentration of anti-lamin A/C (1:250; black). (C) Reaction volume optimization for HiPLA.
PLA using lamin A/C (1:250) and lamin B1 (1:100) antibodies were performed in decreasing reaction
volumes to limit reagent consumption. No appreciable decrease in signal was observed below 15

puL/well. Values represent means = SEM. N = 2 biological replicates and > 1000 cells per condition.

Figure 3: HiPLA screen for lamin A/C interactors in a model of HGPS
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(A) HiPLA reveals changes in lamin A/C interactions upon progerin expression. HiPLA was
performed on wildtype and GFP-progerin expressing cells with antibodies to lamin A/C clone E1 in
combination with a panel of 65 antibodies of PLA-positive lamin A/C interactors. The average
number of PLA foci per nucleus in GFP-progerin cells was plotted as fold change relative to wild type
cells. Interactors that showed a >2-fold change in standard deviations of interaction frequency are
shown in red. Gray dotted line marks an idealized ratio of 1, indicating no change in PLA foci number
upon progerin expression. Values represent means = SEM. N = 3—6 biological replicates and > 1000

cells per condition.
Figure 4: Combined HiPLA/IF to relate lamin A/C interactions to protein expression

(A) High-throughput IF reveals changes in lamin A/C interactor levels upon progerin expression.
High-throughput IF was performed on wildtype and GFP-progerin expressing cells with antibodies to
a panel of 65 antibodies of PLA-positive lamin A/C interactors. The average nuclear mean
fluorescence intensity in GFP-progerin cells was plotted as fold change relative to wild type cells.
Interactors that showed a >2-fold change in standard deviations of average nuclear mean fluorescence
intensity are shown in red. Values represent means + SEM. N = 4 biological replicates and > 1000
cells per condition. Gray dotted line marks an idealized ratio of 1, indicating no change in nuclear
mean fluorescence intensity upon progerin expression. Fold change in RPA32 levels was used as a
negative control. (B) Venn-diagram of lamin A/C interactors that showed a change >2-fold change in
standard deviations of interaction frequency (average number of PLA foci per nucleus; from Figure 3;
purple, left) and/or a >2-fold change in standard deviations of expression (average nuclear mean
fluorescence intensity; from (A); yellow, right). Not shown are the 21 lamin A/C interactors that did
not exhibit a change in interaction frequency nor expression. Green text indicates an increase; black

text indicates a decrease.
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Supplementary Table 1

List of lamin A/C antibodies:

Antibody Manufacturer | Product #

Lamin A/C E1 | Santa Cruz sc-376248

Lamin A/C Abcam ab40567

Jol2

Lamin A/C 346 | Santa Cruz sc-7293

List of positive PLA interactors with lamin A/C:
Antibody Manufacturer | Product # Studies Implicating an Interaction
20S Enzo PWS8155 [1]
ATM Millipore 07-1286

ATRIP Santa Cruz sc-33790 2]
B-Actin Abcam abg8227 [3, 4]
BRCA2 Abcam ab2957 [4, 5]
BRD4 Abcam ab75898 [4, 6]
BRD4 #2 Bethyl A301-985A

BRD7 Bethyl A302-304A | [4]
CBF1 Abcam ab25949 [7]
CBX4 Abgent ap2514b [8]
CHD3 Bethyl A301-219A | [4,9]
CHDS Abcam ab84527 [4,9, 10]
CHDS #2 Bethyl A301-224A
CUL4A Abcam ab34897 [4, 11]
EZH2 Active Motif | 39901 [8]
G9A Abcam ab40542

HI Abcam ab61177 [1]
HI1.0 Abcam ab125027
H1K25me3 Abcam ab17347

H2A Abcam ab18255 [12]
H2Aub Cell Signaling | 8240

H3 Abcam ab1791 [13]
H3 ac Upstate 06-599

H3K27ac Active Motif | 39134

H3K27me3 Upstate 07-449 [13]
H3K4me?2 Active Motif | 39141

H3K4me3 Active Motif | 39159

H3K4me3 #2 | Upstate 05-745R

H3K56ac Abcam ab76307

H3K56ac #2 Millipore 07-677

H3K9ac Millipore 07-352

H4K16ac Millipore 07-329

H4K5ac Upstate 06-759

H4K5ac #2 Abcam ab124636

HDAC6 Cell Signaling | 7612 [4]
HESI1 Chemicon ab5702

HMGBI Pharmingen 556528 [4]
HSP40 Stressmarq SPC-100 [4]
JunD Active Motif | 39328
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Lamin Bl Abcam ab16048 [1,4,9,10]
LAP2 Santa Cruz sc-28541 [1,4,9,10]
LHX9 Abcam ab28737
MAD3 Abcam ab50729
MDCI1 Novus NB100-395 | [4,10]
Biologicals
Mi2 Santa Cruz sc-11378 [14]
NBS S343p Novus NB100- [4]
Biologicals 92610
NCOAG62/SKIP | Abcam ab23341 [4, 7]
NCOR2 Abcam ab5800 [4,9]
P53 Cell Signaling | 9284 [4]
PARPI1 Cell Signaling | 9532 [1,4,10]
PCNA Abcam ab92552 [1, 4, 15]
PML Gift from [4,9,10]
K. Gardner
pRB S780p Cell Signaling | 9307 [16]
pRB S807p Cell Signaling | 9308 [16]
RADS2 Cell Signaling | 3425
RANBP9 Epitomics 5113-1 [4, 15]
RNAPII S2 Abcam ab5095 [4, 17]
RPAB46 Abcam ab3535 [1]
SIRTI Abcam ab32441 [4, 18]
SIRT6 Gift from [19]
D. Sinclair
SMC1 Novus #100-204 [4]
Biologicals
SUN1 Novus NBP1- [1,4,9]
Biologicals 87396
SUN2 Sigma HPA001209 | [1, 4, 9]
ZNF439 Abcam ab101497 [15]
XRCC4 Sigma 4128
List of negative PLA interactors with lamin A/C:
Antibody Manufacturer | Product # Studies Implicating an Interaction
ANKRD1 Abclonal A6192
SET1/ASH2 Bethyl A300-107A
ATF4 Cell Signaling | 11815 [4]
Bcatenin Cell Signaling | 8814 [20]
BRCAI Santa Cruz sc-642
CBP Cell Signaling | 7389 [4]
CBX4 Abcam ab4189 [8]
cFOS Cell Signaling | ab7963 [21]
CHF1 Abcam ab25404
CHIP / STUBI1 | Calbiochem PC711
CHKI1 S19p Cell Signaling | 2666
CHK1 S33/35p | Cell Signaling | 2665
CHKI1 S296p Cell Signaling | 90718
CHKI1 S317p Cell Signaling | 2344
CHK1 S345p Cell Signaling | 2348 [2]
CHK2 Cell Signaling | 2662
CHK2 T68p Cell Signaling | 2661
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CHK2 S516p Cell Signaling | 2669
CHK2T68p Cell Signaling | 2197
Cleaved Notch | Cell Signaling | 2421
CREB Cell Signaling | 9197 [4]
CREB S133 Cell Signaling | 9198
CULI Epitomics 2432-1 [4]
Cyclin A Santa Cruz sc-751
Dicer IMGENEX IMG-538
Drosha Abcam ab12286
DUSP13 Abcam ab71445 [15]
ERK1 Abcam ab32537 [22]
ESRP1 Novus NBP1-
Biologicals 82202
EZH2 #2 Upstate 07-400 [8]
FNTA Abcam ab38448 [4, 23]
Fribrillarin Santa Cruz sc-25397 [4]
H1.2 Abcam ab17677
H2B ub Cell Signaling | 5546 [12]
H3.3 Abcam ab62642
HIF1A Novus NB100-
Biological 479ss
HNRNPULI Novus NB110-
Biologicals 40586
HSF1 Cell Signaling | 12972 [4]
HYPB/SETD2 | Abcam ab69836 [4]
IRE1 Abcam ab37073
JIMID2A / Cell Signaling | 3393
KDM4A
Kapl Bethyl A300-767A | [24]
KAT2B/ Abcam ab12188
PCAF
KATS Abcam ab200660 [4, 25]
KDM2B Abcam ab64920 [8]
KI67 Abcam ab15580
MCAF Bethyl A300-169A
MTA3 Bethyl A300-160A | [4, 14]
NANOG Abcam ab21603
p21 Santa Cruz sc-471
p60 CAF1 Abcam ab109442
PAR Enzo ALX-210- [26]
890
PAX4 Abcam ab42450
PERK Abcam ab65142
Pol IT S5 Abcam ab5131 [4, 17]
PRMTS Abcam ab31751 [4]
PSMB5 Abcam ab3330 [1]
RADSI1 Calbiochem PC130
RNF8 Abcam ab4183
RPA32 Abcam ab61184
SNAIL/SLUG | Abcam ab180714
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NCOAG62 Proteintech 25926-1-AP | [7]

/SNWI1 #2

SOX2 Cell Signaling | 3579

TIA1 Proteintech 12133-2-AP | [1] [4]

Group

TOPBP1 Abcam ab105109

Ubiquitin Millipore AB1690 [27]

WIP1/ Santa Cruz sc-20712

PPM1D

WRN Santa Cruz sc-5629 [4, 28]
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